Organic matters, such as resinite, suberinite, OM (organic matter) reworked by bacteria, sulphur-rich OM, which have close relationship to the occurrence and accumulation of immature-low mature oils, were pyrolyzed by the GHM and PY-GC for studying the hydrocarbon generation characteristics and the relationship between the special types of OMs and the occurrence of immaturelow mature oil. Meantime, some reference OMs are studied in the same way. The experimental results indicate that the OMs related to the occurrence of immature-low mature oil can start to generate hydrocarbon obviously under a relative lower thermal stress, while the temperature required for hydrocarbon generation of reference OMs is relatively high. Furthermore, it shows that the generation of immature-low mature oil may be mostly a chemical reaction process. The chemical kinetic analyse shows that the OMs related to immaturelow mature oils have lower activation energies than that of conventional OMs, although the occurrence and accumulation of immature oil are related to various geological conditions and factors. The preliminary application of the chemical kinetic model shows that the representative OMs related to the immature oils do start to generate a certain number of hydrocarbons in a shallower depth than that of hydrocarbon generation threshold for the conventional OMs.
INTRODUCTION
Oil exploration has been guided by the theory of kerogen thermal degradation to oil effectively since 1970s (Tissot and Welte, 1984) , while the exploration practice reveals the occurrence of large quantities of immature-low mature oil, it cannot be explained by this theory. In many exploration areas, such as Beaufort-Mackenzie Basin in Canada, Monterey Formation in California, the Senonian bituminous rocks in Israel, Cook Inlet Basin in Alaska, Gulf of Mexico in the USA, Maracaibo Basin in Venezuela, Gippsland Basin in Australia, hundred-million-tons immature-low mature oil reserves have been proved (Martin et al., 1963; Snowdon and Powell, 1982; Nissenbaum et al., 1985; Shanmugam, 1985; Tannenbaum and Aizenshtat, 1985; Bazhenova and Arefiev, 1990; Snowdon, 1991; Khorasani and Michelsen, 1991; Bazhenova et al., 1998) . The occurrence of such oils also has been reported in many basins in China, such as Bohai Bay basin, Huanghua Depression, Liaohe Basin and Jianghan Basin. ( Fu et al., 1985; Shi et al., 1985; Qing, 1987; Jiang et al., 1988; Huang et al., 1990; Hou and Wang, 1993; Wang et al., 1995; Wang et al., 1997; Peters et al., 1996; Jin et al., 1997; Zhang et al., 1999; Peng et al., 2000; Wang, 2000) . Immaturelow mature oils refer to the various early generated oils except the conventional mature oils. They may be condensate, light oil, crude oil and heavy oil, which were generated and released from some specific OMs between the hydrocarbon-generating stages of biogas and the conventional crude oil during the OM maturation by means of different reactions (Wang, 2000; Sun et al., 2006; . Their vitrinite reflectance (R o ) values range from 0.2% to 0.7%, which are corresponding to the immature and/or low-mature phases of organic matter with the conventional hydrocarbons generation model. Although there is an extensive occurrence of immature-low mature oils, not all sedimentary basins have immature low-mature oil reservoirs. Their occurrence and accumulations are related to specific geological conditions, including: (a) special types of OMs (suberinite, resinite, certain algae such as botryococcus) (Snowdon and Powell, 1982; Bazhenova and Arefiev, 1990; Khorasani and Michelsen, 1991; Snowdon, 1991; Song, 1991; Wang, 1992) ; (b) the intensive activity and reworking of bacteria (Tannenbaum and Aizenshtat, 1984; Wang et al., 1995) . Many immature-low mature oils contain quite a few contributions of bacteria source; (c) strongly reducing environment, such as in the gypsum sediment environment of Jianghan basin and the dolomite sediment environment of Biyang sag (Fu et al., 1985; Jiang et al., 1988; Tissot and Welte, 1984; Peters et al., 1996; Qin et al., 2010) ; (d) soluble OMs (Huang, 1996 (Huang, , 1999 Jin et al., 1997; Zhang et al., 2004) . Huang (1999) has emphasized especially the meaning that sedimentary soluble OMs are the main sources of immature-low mature oil.
Based on above discoveries and studies, some scholars have put forward the corresponding generation mechanisms of the immature-low mature oil (Snowdon and Powell, 1982; Snowdon, 1991; Khorasani and Michelsen, 1991; Peters et al., 1996; Sun et al., 2006) . However, these are only qualitative description, with no quantitative evidence. Besides, previous studies did not compare the immature-low mature oils generation behaviours under the same conditions. Although there are numerous literatures reported on the hydrocarbon generation kinetics of OM, a few studies on immature-low mature oils generation kinetics of OMs have been reported. Therefore, it is necessary to systemically investigate the kinetic behaviours of OMs related to immature-low mature oils. In this paper, representative OMs (resinite, suberinite, OM reworked intensively by bacteria and sulphur-rich OM et al.) were chosen and pyrolyzed at different heating rates under similar conditions. The purpose of this paper is to investigate the bulk pyrolysis characteristics and the chemical kinetic behaviour of the OM related to the occurrence of immature-low mature oils. The authors hope this research can shed some light on the future immature-low mature oils exploration.
SAMPLES AND METHODS

Samples
The basic geological and geochemical information of studied samples, such as producing area, well number, are shown in Table 1 
Methods
In order to investigate the bulk pyrolysis characteristics of OM and calibrate the chemical kinetic models, it is necessary to obtain experimental data about the relationship between the heating temperature and the quantity of pyrolyzed products. Before the pyrolysis experiment, the mudstone samples are soaked in n-hexane, and then filtered and air dried. Up to 15 mg of the finely crushed samples were heated in a GHM (Geofina hydrocarbon meter) at 200°C for 3 min, which was made in Norway GEOLAB. During which time thermal extraction occured (equivalent to the S1 peak of the Rock-Eval), which may affect the subsequent pyrolysis experimental results. And then the samples are heated from 200°C to 580°C at different heating rates of 1, 5, 10, 20, 50°C /min, with a final hold time of 3 minutes at 580 (equivalent of the S2 peak of the Rock-Eval). The relationship between the pyrolysis product and temperature on line is recorded. At last, the curve of the relationship between the transformation ratio of OM into hydrocarbons and temperature is obtained ( Fig. 1 ). To calibrate kinetic parameters of OM cracking to oil and gas respectively, the GHM and GC were combined (i.e. PY-GC, the pyrolysis-gas chromatography). The Varian 3400 GC was employed, and chromatographic column was OV-101d quartz capillary column with the length of 25 meters. The oven temperature of GC was initially held at 40°C for 2 min, then programmed to 300°C at 5°C /min and held for 10 min. The analytical methods can be exemplified as follow: under the same temperature range and heating rates as previous analysis by the GHM, and then pyrolysis products were collected every 30°C , carried out GC analysis, and then measured the relative contents of gas hydrocarbon (C 1 -C 5 ) and liquid hydrocarbon (C 6 + ). During the GC analysis, the Helium was used as both pyrolysis and carrier gas (45 ml/min). Combined with the former GHM experimental results, the curve of the relationship between transformation ratio of OM into hydrocarbons (oil + gas) and temperature can be transformed into two curves, i.e. the curve of transformation ratio of OM into oil production rate vs. temperature and the curve of transformation ratio of OM into gas production rate vs. temperature, which can be employed for calibrating chemical kinetic models parameters of hydrocarbon (oil + gas), oil and gas, respectively.
RESULTS AND SIMULATION
Results
The studied OM samples can be divided into 3 groups according to the characteristics of the relationship between hydrocarbon transformation ratios and temperatures ( Fig. 1 , Table 2 ). Group A samples include resin, bark ( Fig. 1a-b ), whose transformation ratio is fairly high when the heating temperature is relatively low (≤ 350°C). At all heating rates, the transformation ratio is higher than 15% at 350°C. For instance, when the resins are heated to 350°C at the heating rates of 1°C/min and 5°C/min, the transformation ratios are as high as 96% and 95% respectively. Group B samples include Du 622, Ta 202, Tang 2 and Chang 141 mudstones ( Fig. 1c-f ). The process of hydrocarbon generation just starts and the ratio is less than 10% with group B samples at 350°C. The transformation ratios of Du 622 mudstone are less than 5% at above 4 different heating rates. With group C samples ( Fig. 1g -h) heated to 350°C, the transformation ratio is higher at a lower heating rate condition, while the transformation ratio is lower at a higher heating rate condition. For example, the transformation ratios of Tan 32 sulphur-rich OMs are 26.5% and 17.5% at the heating rates of 1°C/min, 5°C/min, respectively, while the ratios are only 6.5% and 3% at the heating rates of 20°C/min and 50°C/min, respectively.
Simulations
Kinetic models
At present, the reported chemical kinetic models describing hydrocarbon generation include (Wang et al., 2011a) : (1) overall reaction;
(2) Friedman type model; (3) parallel reaction; (4) the combination of parallel reaction and consecutive reaction. Furthermore, each model can be divided into some subtypes. For example, the parallel reaction model can be divided into an infinite parallel reactions model and a finite parallel reactions model, which again can be divided into a model with a single frequency factor (A) and a distribution of activation energies (E) and the model with multiple frequency factors and a distribution of activation energies based on whether the frequency is identical or not. However, for such complicated process of hydrocarbon generation, lots of studies show that only parallel first order reactions have extensive applicability. Therefore, in this study, the model of parallel first order reactions is used to describe the process of immature-low mature oil generation. We can assume that the hydrocarbon generation process consists of a series of (NKH) parallel first order reactions, including EKH i -the activation energy of reaction i, AKH i -pre-exponential factor of reaction i, XKH i -generation potential of reaction i (i = 1, 2, …, NKH). Then, according to first order reaction rate equation and Arrhenius formula, it is not difficult to derive the formula to calculate the total mass of hydrocarbon generation of NKH parallel reactions as following:
( 1) Where, D is the heating rate, K/min; T is the absolute temperature, K; R is the gas constant, 8.31447 kJ/(mol˙K); XKH i0 is the value of XKH i at the beginning time of kerogen thermal degradation. For the same reason, we can assume that the process of OM cracking to oil and gas is respectively consisted of NKO and NKG number parallel first order reactions, which includes EKO i and EKG i -the activation energy of each reaction, AKO i and AKG i -preexponential factor of each reaction, XKO i and XKG i -generation potential of reaction for oil and gas. Then, we can infer the formulas to calculate the amount of OM cracking directly to oil and gas, which changes with temperature, as follows:
(2)
( 3) Equation (2) and (3), compared with equation (1), are just different in subscripts. KH represents hydrocarbon generation, KO represents oil generation, and KG represents gas generation. If thermal history T(t) and the kinetic parameters related to hydrocarbon generation of OM, such as
and XKG i are known, the mass of hydrocarbon, oil and gas generation at all stages from equations (1) to (3) can be dynamically calculated.
The parameters were optimized using a least-square iteration method that compares measured and calculated formation rates at different temperatures until the corresponding error function presents a well-defined absolute minimum (Lu, 1996; Schaefer et al., 1990) .
Modelling results
According to the above principle, 27 groups of chemical kinetic parameters were obtained (Fig. 2 , Table 3 ), namely, the activation energy, pre-exponential factor and corresponding hydrocarbon potential of each parallel reaction, for OM cracking to hydrocarbon, oil and gas. It can be seen from Figure 2 that: (1) in general, the weighted activation energy of the OM cracking to oil is lower than that of the OM cracking to gas. However, the weighted activation energy of the OM cracking to hydrocarbon is generally located between the above two or is close to one of them, which reflects the process of OM cracking to gas is more difficult than OM cracking to oil. It also implies that the process of hydrocarbon generation is the superimposition of the processes of the OM cracking to oil and gas; (2) the weighted activation energies of hydrocarbon generation from resinite, suberinite, sulphur-rich OM (Tan 32) and algae-rich oil shale (Yang 16) are indeed lower than that of the common kerogen. As reported extensively in literature, this is also coincident with the fact that all these OMs are related closely to the occurrence of immature-low mature oils. At the same time, for the Du 622 sample reworked by bacteria, the activation energies of OM cracking into oil and into hydrocarbon decrease somewhat. This means that the intensive reworking of OM by bacteria is favourable for the early generation of hydrocarbon. These qualitative conclusions can be proved quantitatively by the later preliminary application of chemical kinetic models. 78 Bulk pyrolysis and chemical kinetic characteristics of OM related to the occurrence of immature-low mature oils the logarithm values of pre-exponential factor; Filled columnar denotes the hydrocarbon or oil, gas generation potentials; a-h: denotes the hydrocarbon generated from sample a; a-o: denotes the oil generated from sample a; a-g: denotes the gas generated from sample a). result both support the view that the OM sample intensively reworked by bacteria are favourable for the generation of immature-low mature oils. Therefore, the immature-low mature oil contains quite a few contributions of bacteria source is not a rare occurrence.
Preliminary application of chemical kinetic models
With the burial and thermal history of Songliao basin (Pang et al., 1993) , the relationship between theoretic hydrocarbon transformation ratios and burial depth are shown in Figure 3 , which was obtained from the chemical kinetic models calibrated in this study. It can be seen that two samples (Du 622 and Ta 202) from K 1 n 1 member source rocks of Songliao starts to generate hydrocarbons obviously at about 1170 meters, which is close to the threshold of hydrocarbon generation from 1100 to 1300 meters of Songliao basin (Yang, 1985) . For Tang 2 and Chang141 samples, whose OM quality is poorer (i.e. type III kerogen), the threshold of hydrocarbon generation is deeper. Previous studies also showed that the activation energy of type III kerogen is higher than that of the type I kerogen (Wang et al., 2011b) . Therefore, the kinetic characteristic of OM is the major factor of controlling the hydrocarbon generation threshold. It is noticeable that the hydrocarbon generation thresholds (the corresponding hydrocarbon transformation ratio is 10%) of resin, bark, sulfur-rich OM and algae-rich oil shale are less than 1000 meters in Songliao basin. And especially, resin and bark start to generate hydrocarbon at very shallow burial depth. For resin, algae-rich oil shale and sulphur-rich OM (Tan 32), the depth of hydrocarbon generation potential exhausted is close to 1800 meters. However, for bark, most of the process of hydrocarbon generation is completed at about 2000 meters. This strongly proved the special relationship between immature-low mature oil and OM samples from the chemical kinetic theory point of view, more concretely, the relationship between immature-low mature oil and the corresponding special types of OMs (resinite, suberinite, special algae), special geological conditions (intensively reductive environment, strong bacteria reworking).
CONCLUSIONS
In this paper, organic matter samples related to the occurrence of immature-low mature oils and some reference samples were pyrolyzed systemically. The bulk pyrolysis characteristics and their chemical kinetic behaviors are investigated.
(1) The pyrolysis experiment results indicate that the OMs related to the occurrence of immature-low mature oils (group A and group C samples) start to generate hydrocarbons obviously at lower thermal stress, when comparing with the conventional OM ( kerogen ), though the occurrence and accumulation of immature-low mature oils are related to many geological factors.
(2) The geochemical kinetic characteristics of studied samples show that the lower activation energy of OM is the major factor for immature-low mature oils in nature.
(3) The application result of the chemical kinetic models in the Songliao basin show that resinite, suberinite, sulphur-rich OM and other OMs related to the occurrence of immature-low mature oils start to generate hydrocarbon in shallower burial depth under geological conditions. (4) Qualitatively and intuitionally, the bulk pyrolysis characteristics and the chemical kinetic characteristics of type A and type C samples illustrate the rationality of the relationship between these samples and the occurrence of immature-low mature oils. And the model of chemical kinetics can also be used to describe the generation of the immature-low mature oils.
